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Abstract 12 
The deep ocean trenches that comprise the hadal zone have traditionally been perceived as a series 13 
of geographically isolated and demographically independent features likely to promote local species 14 
endemism through potent natural selection and restricted dispersal.  Here we provide the first 15 
descriptions of intraspecific population genetic structure among trenches from which the levels of 16 
genetic connectivity can be examined explicitly. A total of 109 individuals across two species of 17 
Paralicella amphipods (Lysianassoidea: Alicellidae) were genotyped at 16 microsatellite DNA loci. An 18 
analysis of molecular variance identified that 22% of the overall genetic variance was attributable to 19 
differences between the species and a further 7% was attributable to differences between 20 
populations. The two species showed different patterns of genetic structure, with the levels of 21 
genetic differentiation between trenches explained by geographical proximity, the geological ages of 22 
the trenches, contemporary bottom current patterns and seabed topography around the Pacific 23 
Ocean. Overall, the inferred levels of gene flow among trenches was sufficient to reject the 24 
hypothesis that they are evolutionarily independent units.  25 
Keywords: Hadal trenches; Amphipoda; deep sea ecology; connectivity; gene flow; endemism 26 
Highlights 27 
 Hadal trenches do not represent demographically independent entities in Paralicella 28 
 Patterns of connectivity between trenches differ for two Paralicella species 29 
 Trench geological ages, deep water currents and topography explain connectivity 30 
1. Introduction 31 
The hadal zone is the deepest marine biome, extending from 6000 m to full ocean depth at 32 
approximately 11,000 m at the Challenger Deep in the Mariana Trench. It is primarily comprised of 33 
37 trench systems which are formed along subduction zones between tectonic plates, with the 34 
majority located around the Pacific Rim (Jamieson et al., 2010). Trenches break the continuum of the 35 
abyssal plains by forming disjunct clusters of ultra-deep habitat “islands”. The hadal zone accounts 36 
for over 45% of the total vertical depth of the marine environment (Jamieson 2015) and it is 37 
characterised by high hydrostatic pressure, cold temperatures, low food availability and an absence 38 
of natural light (Wolff, 1960). Despite being considered an “extreme” environment the hadal zone is 39 
host to a diverse range of flora and fauna, notably the Isopoda, Polychaeta, Gastropoda and 40 
Amphipoda (Wolff, 1970, Belyaev, 1989). 41 
The restricted distribution of key taxa within these groups to specific trenches underpins the 42 
conventional view that hadal trenches are hotspots of species endemism driven by a combination of 43 
geographic isolation and potent selection pressures (Wolff 1960; Wolff 1970). For example, within 44 
the amphipod genus Hirondellea, H. dubia is restricted to the Kermadec, Tonga and New Hebrides 45 
trenches in the southwest Pacific (Lacey et al., 2016), H. gigas is located in all studied trenches of the 46 
northwest Pacific (France 1993), and newly described Hirondellea species have been identified in the 47 
Peru-Chile Trench in the southeast Pacific (Fujii et al., 2013; Kilgallen 2015). However, this assertion 48 
that hadal trenches are hotspots of species endemism is difficult to reconcile with the seemingly 49 
cosmopolitan distribution of other amphipod species. For example, Eurythenes gryllus which has 50 
been described as having a pan-oceanic distribution from bathyal to hadal depths, and has been 51 
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located in every hadal trench investigated to date in addition to the intervening abyssal plains 52 
(Barnard, 1961; Thurston et al., 2002; Havermans et al., 2013; Eustace et al., 2016). This 53 
cosmopolitan distribution of a supposedly single E. gryllus species is complicated by morphological 54 
and phylogeographic differences between different populations (Havermans et al., 2013) and even 55 
within a single trench population (Eustace et al., 2016). This suggests E. gryllus may actually 56 
represent multiple species each defined by geographic and bathymetric isolation and associated drift 57 
and selection (Havermans, 2016).  58 
A capacity for hadal trenches to promote genetic divergence within and between species appears 59 
counter to the depth-differentiation hypothesis (Rex and Etter, 2010). This states there should be a 60 
reduction in barriers to gene flow with increasing depth from the continental shelf due to the 61 
increase in environmental homogeneity with bathymetric depth. A growing body of data from across 62 
deep-sea environments in the bathyal and abyssal zones supports the depth-differentiation 63 
hypothesis, largely showing connectivity between populations (e.g. Cowart et al., 2004; Quattrini et 64 
al., 2015; Ritchie et al., 2013). It is unclear how disjunct topographical features such as seamounts, 65 
spreading centres (ridges), fracture zones and canyons disrupt the depth differentiation paradigm, 66 
but it appears patterns of genetic structure are variable across taxa, life history strategies and 67 
geographic locations (Baco et al., 2016; Clark et al., 2010). To date there has been no indication of 68 
how the hadal zone fits into the depth-differentiation hypothesis paradigm, primarily because of the 69 
dearth of information on population genetic structure based upon the distribution of neutral genetic 70 
variation. A demonstration that hadal trenches have equivalent frequencies of neutral 71 
polymorphisms would indicate a high degree of connectivity, and conversely significant genetic 72 
structure would highlight that each trench represents a demographically independent unit with 73 
minimal gene flow. Examining the patterns of gene flow in the context of trench location, geological 74 
ages of trenches, topographical features of the abyssal plains and contemporary bottom currents 75 
will allow speculation on possible routes of historical colonisation of the hadal trenches and identify 76 
the major drivers influencing patterns of dispersal at an oceanic scale. 77 
Here we examine the patterns of genetic structure between populations from across five hadal 78 
trenches around the Pacific Rim for two putative species of the Lysianassoid genus Paralicella. These 79 
two sister species provide an excellent model for testing patterns of gene flow as they have an 80 
abyssal-hadal distribution (Barnard and Schulenberger, 1976; De Broyer et al., 2004) allowing us to 81 
examine differences between trenches in the context of dispersal patterns across the intervening 82 
abyssal plains. They also have overlapping pan-oceanic geographical distributions (Barnard and 83 
Shulenberger, 1976; Thurston, 1979) that will facilitate examination of parallel patterns of 84 
connectivity across trench populations across the species. 85 
This study represents the first investigation elucidating patterns of gene flow and connectivity 86 
between hadal trenches. We exploit a suite of microsatellite DNA markers that were previously 87 
mined from an Illumina MiSeq library of P. tenuipes (Ritchie et al., 2016) to test the null hypothesis 88 
that there is extensive gene flow between trench populations, in both species, leading to a lack of 89 
significant population genetic structure. 90 
2. Materials and Methods 91 
2.1 Sample collection  92 
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A total of 109 amphipods were collected from across five hadal trenches over the course of six 93 
sampling campaigns between 2007 - 2013 using an autonomous deep-ocean lander vehicle 94 
(Jamieson et al., 2009) incorporating small baited funnel traps (see Table 1 and Ritchie et al., 2015). 95 
Upon recovery of the lander, amphipods were transferred immediately to 99% ethanol prior to 96 
morphological identification to genus level in a shore-based laboratory (National Institute for Water 97 
and Atmospheric Research, New Zealand or latterly the Australian Museum) using morphological 98 
characteristics outlined in Barnard and Karaman (1991). Total genomic DNA was extracted from the 99 
whole body of individual specimens using a standard phenol-chloroform approach. 100 
2.2 Species identification 101 
The Paralicella genus has traditionally been considered to contain two predominant species, P. 102 
tenuipes and caperesca (Barnard and Schulenberger, 1976). According to their taxonomic 103 
descriptions P. tenuipes is distinguished from P. caperesca as it has a heavily bevelled article 2 on 104 
pereopod 5 and a non-bevelled coxa 1 whereas P. caperesca has a non-bevelled pereopod 5 and a 105 
bevelled coxa 1 (Barnard and Shulenberger, 1976). However, identification of these Paralicella 106 
species has been problematic given the minute differences in morphological characters used to 107 
differentiate between them. This is further confused by ontogenetic variation and phenotypic 108 
plasticity which has been shown for these two species (Barnard and Shulenberger, 1976). Recent 109 
molecular phylogenetic analysis based upon mitochondrial 16S and COI markers (Ritchie et al., 2015) 110 
identified two distinct phylogenetic clades within the Paralicella genus consistent with the presence 111 
of two species, but these were not congruent with the morphological characteristics conventionally 112 
used to distinguish P. caperesca and P. tenuipes. As such, here we define species within the 113 
Paralicella genus from their diagnostic mitochondrial DNA COI sequences using a standard 114 
restriction fragment length polymorphism (RFLP) assay. A 710bp fragment of the COI locus was PCR 115 
amplified using the COI primers and conditions outlined in Ritchie et al., (2015). PCR amplicons were 116 
then double-digested for 2 hours at 37°C with 1.5 units of each of the restriction enzymes MboII and 117 
NlaIII. Restriction profiles were visualised using agarose electrophoresis with individuals producing a 118 
two-band profile (135bp and 575bp) being classified as RFLP sp. 1 (Group 1 in Ritchie et al., 2015) 119 
and individuals with a three-band profile (135bp, 220bp and 355bp) being classified as RFLP sp. 2 120 
(Groups 2, 3 and 4 in Ritchie et al., 2015).  121 
In total, the 109 individuals were separated into seven a priori populations of Paralicella spp. RFLP 122 
sp. 1 individuals were found in the Kermadec (n=4), Japan (n=24), Mariana (n=24) and Peru-Chile 123 
trenches (n=15), and RFLP sp. 2 individuals were found in the Kermadec (n=26), Peru-Chile (n=2) and 124 
New Hebrides trenches (n=14).  125 
2.3 Microsatellite genotyping 126 
All individuals were genotyped at 16 microsatellite loci designed specifically for Paralicella (Ritchie et 127 
al., 2016). PCR reaction conditions followed Ritchie et al., (2016) and amplicons were resolved using 128 
an ABI 3730 DNA Capillary DNA Sequencer (Dundee, DNA Sequencing Services Ltd). Genotypes were 129 
scored by eye with Genemarker v 1.4 (SoftGenetics, 2010) against a GD-500 (LIZ) size standard.  130 
Deep sea samples often yield poor quality DNA due to both the extreme change in hydrostatic 131 
pressure that results in cell and DNA damage (Dixon et al., 2004), and the DNA degradation that 132 
ensues given the by time between collection and preservation (Hofeiter et al., 2001). This can lead to 133 
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loss of individual genotypes across samples, and as such here we based analysis on samples that 134 
yielded over 80% amplification success, and through trial analysis using jack-knifed datasets 135 
confirmed that interpretation was robust to the overall genotyping success rate. 136 
2.4 Population genetic analyses 137 
Micro-Checker 2.2.3 (van Oosterhout et al., 2004) was used to establish whether any heterozygote 138 
deficiencies were attributable to null alleles and/or scoring errors. Linkage disequilibrium between 139 
all combinations of loci for each sampling location was tested using Genepop 4.0.10 (Raymond and 140 
Rousset, 1995; Rousset, 2008) and significance was evaluated using Fisher’s exact test with 141 
Bonferroni correction (Ryman et al., 2006). Genetic diversity was described using observed 142 
heterozygosity (HO), number of effect alleles (ne) and allelic richness (ar) in the diveRsity package in R 143 
(Keenan et al., 2013). 144 
To estimate the proportion of genetic differentiation attributable to differences between the RFLP 145 
defined species and between populations of the same species but from different trenches, a 146 
hierarchical analysis of molecular variance (AMOVA) was implemented using GenAlEx 6.5 (Peakall 147 
and Smouse, 2006). 148 
Structure 2.3.3 (Pritchard et al., 2000) was used to implement Bayesian MCMC inference of a 149 
posteriori genetic clusters across the entire dataset combined and within the RFLP-defined species. 150 
The number of assumed genetic clusters (K) was set from one to seven, with 10 independent runs 151 
performed for each value of K. A total of 10,000,000 MCMC iterations were run using the admixture 152 
ancestry model with correlated allele frequencies where the first 100,000 iterations were discarded 153 
as burn-in. Analyses were run both with and without sampling location as prior information for the 154 
model (loc prior). Structure Harvester 0.6.7 was used to collate the results and infer the statistically 155 
best supported K using both the maximum log likelihood (Pritchard et al., 2000) and the ΔK statistic 156 
(Evanno et al., 2005). Replicate runs for each K were then aligned and averaged in Clumpp 1.1.2 157 
(Jakobsson and Rosenberg, 2007) using the Greedy algorithm with 10 randomised input orders, and 158 
visualised using Distruct 1.1 (Rosenberg, 2004). 159 
Population structure was also resolved using a model-free multivariate ordination approach of 160 
discriminant analysis of principal components (DAPC) implemented in the adegenet package in R 161 
(Jombart, 2008). All principal components were included into the k-means clustering algorithm from 162 
KDAPC=1 to KDAPC=7, and the optimal KDAPC was selected using the Bayesian information criterion. A 163 
total of 20 principal components were retained for the discriminant analysis, though changing the 164 
number of principal components did not affect the output. All discriminant functions were retained. 165 
A second DAPC analysis was run using the seven a priori populations to explore the genetic 166 
differentiation among these populations.  167 
Pairwise genetic differentiation was estimated using FST (Weir and Cockerham, 1984) for populations 168 
where sample size was over 24 and thus amenable to frequency-based comparison. Values were 169 
calculated using diveRsity and significance was evaluated using Fisher’s exact test with Bonferroni 170 
correction. 171 
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Pairwise FST was correlated against Euclidian geographic distances estimates for both RFLP sp. 1 and 172 
RFLP sp. 2 to test for an isolation-by-distance effect using IBD 3.23 (Bohonak, 2002). Significance was 173 
assessed using a Mantel test (10,000 randomisations).  174 
Migrate-n (Beerli, 2008) was used to infer migration patterns and rates among the a priori 175 
populations of the two genetically defined species. The population mutation rate parameter θ 176 
(θ=4Neµ, where Ne is the effective population size and µ is the mutation rate per site) and the 177 
migration rate, M (M=m/µ, where m is the immigration rate per generation) were estimated both by 178 
maximum likelihood and Bayesian methods, using a coalescent approach. Two replicates were 179 
performed for all population groups to check for convergence of parameter estimates. For the 180 
analysis the Brownian mutation model was used, the relative mutation rate was estimated from the 181 
data, and a random tree were used as a start point. A matrix of geographical distances between the 182 
trenches was also included so that the migration rate is not only scaled by the mutation rate but also 183 
by the distance matrix in order to detect environmental barriers. The Bayesian analysis was run for 184 
10 short and two long chains with 100,000 recorded genealogies where the first 10,000 genealogies 185 
were discarded as burn-in.  186 
Migrate-N was also used to compare among three models of connectivity between the populations 187 
that best explain the distribution of genetic diversity in each clade: 1) a “full” model with 188 
symmetrical migration between all populations; 2) a “current” migration model that follows the 189 
directional movements of the deep water currents shown in Figure 3; and, 3) a “counter-current” 190 
model that assumes opposite current directions from the “current” model. The best fit model was 191 
identified by comparing the computed Bezier marginal likelihood and Bayes factor scores. 192 
The function divMigrate from the diveRsity package in R (Keenan et al., 2013) was also used to 193 
calculate direction-relative migration using Jost’s D as a measure of genetic distance and 10,000 194 
bootstraps replications were performed to test for statistical significance. 195 
3. Results 196 
3.1 Diversity Statistics 197 
Tests for linkage disequilibrium identified no significant interactions (p>0.05, Fisher’s exact test) 198 
between any of the pairwise comparisons indicating that none of the loci are physically linked. 199 
Micro-checker did not highlight any incidences of either null alleles or scoring errors. 200 
Diversity statistics calculated by diveRsity are presented in Table 2. Across all populations the allelic 201 
richness ranged from 0.66 to 3.68 with an average of 2.67. Allelic richness was similar between the 202 
two species with RFLP sp. 1 allelic richness ranging from 1.81 to 3.47 with an average of 2.96, and 203 
RFLP sp. 2 allelic richness ranging from 0.66 to 3.68 with an average of 2.97. Observed (HO) 204 
heterozygosities ranged from 0.21 to 0.38 across all populations. For RFLP sp. 1 HO ranged from 0.18 205 
to 0.38, and RFLP sp. 2 HO ranged from 0.03 to 0.22. The low values of allelic richness and observed 206 
heterozygosity for the RFLP sp. 1 Kermadec population and the RFLP sp. 2 Peru-Chile population are 207 
attributable to their small sample sizes. 208 
3.2 Genetic differentiation 209 
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The AMOVA analysis identified that 21% of the overall variance was attributable to differences 210 
between the RFLP-identified species (p<0.001) and that 7% of the variance was attributable to 211 
differences between the seven a priori populations within the two species (p<0.001) (Table 4). As 212 
such, the variance between species was three times higher than between populations. The 213 
remaining variance was accounted for by differences among individuals within populations 214 
(p<0.001).  215 
Bayesian clustering analysis conducted in Structure indicated that the best supported number of 216 
posterior genetic clusters was K=2 using both the maximum log likelihood and the ΔK criteria. Under 217 
this model individuals were partitioned correctly into their RFLP-defined species. Structure analysis 218 
within RFLP-sp. 2 separated New Hebrides Trench samples from the Kermadec and Peru-Chile 219 
Trench samples (Figure 1b). There was no further partitioning of RFLP-sp. 1 samples into different 220 
trenches (Figure 1a). This lack of structure within RFLP-sp. 1 belies estimates of population genetic 221 
structure inferred from Weir and Cockerham’s (1984) FST where pairwise comparison between Japan 222 
and Mariana, Mariana and Peru-Chile, and Peru-Chile and Japan were all significantly different from 223 
zero after Bonferroni correction (FST estimates of 0.02, 0.05 and 0.05, respectively). 224 
The patterns of differentiation from the Structure analysis are congruent with that from a 225 
multivariate ordination in DAPC. The discriminant functions obtained from the DAPC analysis were 226 
plotted in a distribution plot for KDAPC=2 and an ordination plot for KDAPC=3 (Figure 2a and b, 227 
respectively). With KDAPC=2 there is a strong separation into the two genetically distinct species 228 
where the majority of the differentiation is explained by the first discriminant function. With KDAPC=3 229 
there is clear hierarchical structure both between the two species and also between the populations 230 
belonging to RFLP sp. 2. Differentiation is maintained between RFLP sp. 1 and RFLP sp. 2 by the first 231 
discriminant function and the differentiation between the RFLP sp. 2 New Hebrides population and 232 
the Kermadec and Peru-Chile trench populations is differentiated by the second discriminant 233 
function. 234 
Whilst there is a trend towards increasing genetic distance with geographic separation between 235 
trenches, this was insignficant for both RFLP sp. 1 and RFLP sp. 2 (p=0.32 and 0.33 respectively.  236 
3.3 Migration patterns 237 
Migrate-n calculated the number of immigrants per generation (ƟM) which are shown in full (Table 238 
5) and summarised visually (Figure 3). These results indicate Pan-Pacific migration between different 239 
trench populations for RFLP sp. 1 and that migration is considerably less for populations in RFLP sp. 240 
2. For RFLP species 1 migration estimates suggest that individuals from Japan, Mariana, Kermadec 241 
and Peru-Chile trenches all migrate reciprocally, with the exception of no migration between the 242 
Kermadec Trench and Japan Trench. Migration was highest between the Japan and Mariana 243 
trenches which is likely to be attributed to their geographic proximity. In both instances migration 244 
from the Peru-Chile Trench to the Japan and Mariana trenches was greater than from the Japan and 245 
Mariana trenches to the Peru-Chile Trench. Furthermore, migration between the Peru-Chile Trench 246 
and the Kermadec Trench was considerably lower in both directions. All migration into the Kermadec 247 
Trench is considerably low overall and lower than the migration out of the Kermadec Trench in all 248 
instances. For RFLP sp. 2 the analysis again suggested some migration from the Peru-Chile Trench to 249 
Kermadec but with no reciprocal migration. The analysis also highlighted the apparent isolation of 250 
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the New Hebrides Trench where there is no migration either into or out of the trench from either 251 
the Kermadec or Peru-Chile trench. 252 
Migrate-n also identified that for RFLP sp. 1the distribution of genetic diversity was best explained 253 
by a model that followed the patterns of deep ocean currents. However for RFLP sp.2, the optimal 254 
model followed the “full” island model with symmetrical gene flow, through the likelihood of this 255 
model was close to that of the “current” model (Supplementary table 1). 256 
The divMigration method provided similar results to the Migrate-n analyses with the exception that 257 
it suggested some bidirectional migration between the RFLP sp. 2 Kermadec and Peru-Chile 258 
trenches, but this was not statistically significant. Migration between the Kermadec and Peru-Chile 259 
trenches is difficult to determine absolutely due to the small Peru-Chile population size (n=2) which 260 
particularly affects the divMigration analysis due to its use of Jost’s D.  261 
4. Discussion 262 
The salient finding of this study is that there is a level of population genetic structure between 263 
trenches for both of the Paralicella amphipod species that is sufficient to indicate the trenches do 264 
not form a single panmictic population, but insufficient to designate that hadal trenches as 265 
demographically independent units. This finding is counter to the traditionally perceived view point 266 
that trenches represent geographically and genetically isolated habitats that promote high levels of 267 
species endemism. The levels of genetic structure observed are indicative of some degree of gene 268 
flow and connectivity between the trenches for Paralicella amphipods, even over large geographical 269 
scales.  270 
There was clear and obvious differentiation between the two RFLP-identified species. From the 271 
analysis of molecular variance this separation accounted for 21% of the overall variance observed. 272 
This high level is not surprising given these two groups represent individual species with a high level 273 
of mitochondrial DNA sequence divergence (Ritchie et al., 2015). The debate remains about whether 274 
these RFLP species reflect the morphological forms that define P. caperesca and P. tenuipes 275 
descriptions. Clearly a much more dove-tailed comparison of morphological and genetic data for 276 
Paralicella spp. needs to be undertaken, but that is beyond the scope of the current study. 277 
Irrespective of whether they represent the two previously described species it is clear that two 278 
species do exist.  279 
Within each of the two species there was a signature of population genetic structure. The AMOVA 280 
indicated that differences between populations within the RFLP species accounted for 7% of the 281 
overall variance. The two RFLP species did differ overall in their patterns of population genetic 282 
structure. 283 
For RFLP sp. 1 the Structure and DAPC based analyses could not discern between the Kermadec, 284 
Japan, Peru-Chile and Mariana samples, though frequentist analysis via pair-wise FST did identify 285 
significant levels of differentiation. Structure is known to return false-negatives when population 286 
structure is minor (below 5%; Latch et al., 2006), but the sample sizes certainly between Japan and 287 
Mariana are sufficient to suggest that the significant FST estimates are not artefacts and do reflect 288 
true structure. Moreover, the FST estimates between Japan and Mariana are smaller than between 289 
either of these populations and the Peru-Chile trench, consistent with their proximity. 290 
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For RFLP sp. 2 a more pronounced genetic structure was resolved. For both the Structure and DAPC 291 
analyses the Kermadec and Peru-Chile trenches were separated from the New Hebrides trench.  292 
The patterns of genetic structure for the two RFLP species can be explained by a combination of 293 
geological ages of the trenches, contemporary bottom current patterns, and seabed topography 294 
around the Pacific Ocean. The geological ages of the trenches goes some way to explaining the 295 
distributions of the two RFLP species. The two oldest trenches investigated here are the Mariana and 296 
Kermadec trenches, which were formed approximately 150 MYA and 120 MYA, respectively (Stern, 297 
2002). As the oldest trenches in the Pacific Ocean they will have been colonised by a common 298 
ancestor of the modern Paralicella genus and the geographic distance between the trenches may 299 
have led to the isolation and subsequent speciation into the two RFLP species. Once established as 300 
two separate species they will both have been able to colonise new trenches as they formed. 301 
Individuals of RFLP sp. 1 would be more likely to colonise the Japan Trench from the Mariana Trench 302 
given their geographical proximity. Likewise, individuals of RFLP sp. 2 will have been able to migrate 303 
from the Kermadec to the New Hebrides Trench.  The Peru-Chile Trench is one of the geologically 304 
youngest Pacific trenches as it was only formed approximately 40 MYA (Stern, 2002). It is the most 305 
remote trench from the Kermadec and Mariana trenches but is approximately equidistance from 306 
them potentially allowing it to be colonised by both RFLP species. 307 
Contemporary bottom current patterns provide an explanation for ongoing dispersal among 308 
trenches for both RFLP species. Reid (1997) documented a large water mass that flows from the East 309 
to West Pacific Ocean around the equator which could have the potential to enable individuals of 310 
both species to migrate from the Peru-Chile Trench to the Kermadec Trench across the abyssal 311 
plains. Reciprocal migration of RFLP sp. 1 individuals between the Japan and Peru-Chile trenches can 312 
also be explained by a North-Western current moving away from the Peru-Chile Trench (Shaffer et 313 
al., 1995) and a South-Eastern current moving away from the Japan Trench (Mitsuzawa, 1998). 314 
Notwithstanding, there is no current data available for the intervening regions between the Japan 315 
and Peru-Chile trenches and furthermore it is unclear how abyssal topography will affect either of 316 
these currents between them, and certainly it has been noted that bottom water masses near the 317 
Japan Trench are disturbed and redistributed due to fine-scale interactions with large topographical 318 
features, particularly the Kuril-Kamchatka and Aleutian trenches (Mitsuzawa, 1998; Kawabe and 319 
Fujio, 2003, 2010). The interaction of currents with topographical features is particular pertinent to 320 
note when considering current movement around the Kermadec Trench, where the Kermadec 321 
forearc breaks and disrupts currents and gyres (Reid, 1986). This may go some way towards 322 
explaining why migration in and out of the Kermadec Trench is comparatively lower than other 323 
trenches. Some of the patterns of migration inferred from the genetic data are more difficult to 324 
reconcile. For example, it is unclear why there is reciprocal migration between the Mariana and 325 
Kermadec trenches but not between the Japan and Kermadec trenches given the proximity of the 326 
Japan and Mariana trenches. Such patterns may be better explained once more detailed data on 327 
localised deep-water hydrography from the area are available.  328 
It also appears difficult to explain how there are significant differences between RFLP species 2 329 
populations in the Kermadec and New Hebrides trenches given their overall proximity. This could be 330 
explained by a combination of topographical features and bottom current flow. Geologically the 331 
New Hebrides Trench was connected to the Tonga and Kermadec trenches due to the overlap 332 
between the Australian and Pacific tectonic plates (Pellentier et al., 1998) up to around 30 MYA in 333 
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the Oligocene (Schellart et al., 2002).  Their subsequent separation could have isolated individuals 334 
between the New Hebrides and Kermadec trenches. The current lack of migration between the two 335 
populations may be attributed to the Tonga-Kermadec forearc which is a topographical feature that 336 
rises to between ~1000 m to ~2000m depth creating a physical barrier that prevents dispersal (Karig, 337 
1970). The Kermadec forearc is, however, considered a “leaky barrier” as the frontal ridge flattens to 338 
a bench at abyssal depths between 3500 m and 5000 m which is sufficiently deep to allow 339 
individuals to migrate across it (Karig, 1970b). If individuals are able to cross the forearc they will 340 
enter a separate gyre-within-a-gyre current system that has formed from interactions between the 341 
deep Antarctic Circumpolar Current and the East Australia Current between Australia, New Zealand 342 
and the Tonga-Kermadec forearc (Davis, 1998) which may prevent migration from the New Hebrides 343 
Trench to the remainder of the Pacific Ocean.  344 
The differences in distribution between RFLP sp. 1 and sp. 2 make a direct comparison of patterns of 345 
dispersal between the two species difficult. The only direct comparison can be made is between the 346 
Kermadec and Peru-Chile trenches. In this case the patterns of population structure are different 347 
between the two species where RFLP sp. 1 shows a bidirectional migration patterns and RFLP sp. 2 348 
shows a unidirectional migration pattern. However, whether this reflects a true biological difference 349 
in dispersal rates or propensity, or if it is merely a consequence of low sample size in RFLP sp. 2 in 350 
the Peru-Chile Trench is debatable. There is extremely little known about life history parameters in 351 
the Paralicella genus to point to any differences between species that could explain the differences 352 
in population genetic structure across these two species.  353 
Indeed, a lack of understanding of fundamental life history parameters in Paralicella makes it 354 
difficult to explain the mechanism through which gene flow is most readily facilitated over large 355 
geographical distances between trenches. It is known that Paralicella, in line with the majority of 356 
deep sea scavenging amphipods, does not have a larval dispersal phase (Dolah and Bird, 1980) that 357 
would promote dispersal over large distances within the plankton. This would therefore point to 358 
dispersal and gene flow being mediated through either the movement of juveniles or adults. In other 359 
species of hadal amphipods there is clear ontogenetic structure, with juveniles occurring at 360 
shallower depths (Eustace et al., 2016) which may predict that the juvenile phase is more likely to 361 
disperse. Moreover, given Paralicella has a distribution that encompasses both hadal and abyssal 362 
zones it is easier to envisage direct linkages between different trenches mediated via stepping stone 363 
dispersal across the abyssal plains and an overall pattern of isolation-by-distance. However, a 364 
challenge moving forward is to elucidate the mechanisms of dispersal and gene flow in this genus 365 
and compare the patterns of population genetic structure with amphipod species that have a 366 
restricted hadal distribution.  367 
Our data clearly demonstrate that for Paralicella amphipods, the hadal trenches are not effectively 368 
isolated habitats, but that some cross-talk via gene flow is possible.  The challenge moving forward is 369 
determining how general this picture is across the Amphipoda, and a broader taxonomic range of 370 
hadal and abyssal taxa. The patterns of genetic structure resolved here, coupled with what is already 371 
known about species distribution within (Eustace et al., 2016) and between trenches (Lacey et al., 372 
2016) suggests that hadal trenches lie somewhere between the ends of a continuum bounded by the 373 
basic premise of oceanic panmixia predicted by the depth-differentiation hypothesis, and the 374 
traditional perspective of trenches as evolutionarily and demographically independent units. For 375 
11 
 
each species, the position on this continuum will be defined by life history and local oceanography, 376 
as appears to be the case for hydrothermal vent and seamount communities.  377 
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Table 1. Sampling locations for seven populations of Paralicella across five trenches sampled in the 
Pacific Ocean. 
 
Genetic 
Clade 
Population Trench Depth (m) Latitude Longitude Station 
1 Kermadec Kermadec 6007 26° 43.9’S 175° 11.3’W SO197-1a 
 Japan Japan 6945 40° 15.3’N 144° 30.8’E KH0703-1 
 Mariana Mariana 5469 18° 49.2’N 149° 50.6’E KR0716-1 
 Peru-Chile Peru-Chile 5329 
6173 
04° 27.0’S 
07° 48.0’S 
81° 54.7’W 
81° 17.0’W 
SO209-03 
SO209-35 
2 Kermadec Kermadec 6007 26° 43.9’S 175° 11.3’W SO197-1a 
 Peru-Chile Peru-Chile 5329 
6173 
04° 27.0’S 
07° 48.0’S 
81° 54.7’W 
81° 17.0’W 
SO209-03 
SO209-35 
 New Hebrides New Hebrides 2500 
4100 
21° 13.2’S 
27° 44.8’S 
168° 40.0’E 
174° 15.0’E 
KAH1310-037 
KAH1310-039 
 
 
Table 2. Genetic diversity statistics for seven a priori populations of Paralicella spp. across 16 
microsatellite loci; population size (n), effective number of alleles (ne), allelic richness (ar), and 
observed heterozygosity (HO).   
 
Genetic 
Clade 
Population  n  ne  ar  HO±SD 
1 Kermadec 4 2.81 1.81 0.18 ± 0.07 
 Japan 24 6.44 3.47 0.38 ± 0.04 
 Mariana 24 6.56 3.44 0.34 ± 0.03 
 Peru-Chile 15 5.38 3.11 0.32 ± 0.03 
2 Kermadec 26 5.63 3.68 0.22 ± 0.05 
 Peru-Chile 2 2.75 0.66 0.03 ± 0.03 
 New Hebrides 14 4.13 2.55 0.22 ± 0.05 
 
 
Table 3. Wright’s FST pairwise estimates of population genetic differentiation among seven a priori 
Paralicella spp. populations based on 16 microsatellite loci. FST estimates denoted with a single 
asterisk are significant at the 5% level and those denoted with two asterisks are significant at the 1% 
level. 
 
Genetic 
Clade 
 1    2   
 Populations Kermadec Japan Mariana Peru-Chile Kermadec Peru-Chile New Hebrides 
1 Kermadec -       
 Japan N/A -      
 Mariana N/A 0.02** -     
 Peru-Chile       N/A 0.05** 0.05** -    
2 Kermadec       N/A 0.33** 0.32** 0.23** -   
 Peru-Chile N/A  N/A    N/A     N/A     N/A -  
 New Hebrides N/A 0.30** 0.29** 0.21** 0.16** N/A - 
 
 
 
 
 
 
Table 4. Analysis of molecular variance (AMOVA) partitioning of genetic variance between species, 
between populations within species, and among individuals within populations. 
 
Source of Variation d.f. Sum of 
Squares 
Variance Total (%) 
Between Species 1 175.36 1.47 21 
Between Populations 5 85.95 0.46 7 
Within Populations 211 1027.83 4.87 72 
Total 217 1288.83 6.79 100 
 
 
Table 5. The number of immigrants per generation (ƟM) between populations of Paralicella 
estimated using Migrate-n based upon 16 microsatellite loci. 
 
Genetic 
Clade 
  1    2   
   MIGRATION TO 
  Populations Kermadec Japan Mariana Peru-Chile Kermadec Peru-Chile New Hebrides 
1 
M
IG
R
A
TI
O
N
 F
R
O
M
 
 
Kermadec - 0 781 422  
 Japan 0 - 898 503 
 Mariana 116 781 - 512 
 Peru-Chile 153 871 718 - 
2 Kermadec  - 0 0 
 Peru-Chile 153 - 0 
 New Hebrides 0 0 - 
 
 
 
Figure 1. Structure output showing individual membership coefficients derived from Bayesian 
inferences of genetic structure across populations of A) RFLP sp. 1 and B) RFLP sp. 2, for K=3, where 
each individual is represented by a vertical column. Coefficients are averaged across replicate runs 
using the standard admixture model without including sampling locations as prior information (non-
LOCPRIOR). 
 
 
  
 
Figure 2. Summary of discriminant analysis of principal components (DAPC) across the seven pre-
defined Paralicella spp. populations: (A) Distribution plot of KDAPC=2 for the two RFLP species. (B) 
Ordination plot of KDAPC=3 for the seven genetic clusters. Genetic clusters are split into the two RFLP 
species by colour (RFLP species 1 in purple and RFLP species 2 in orange) and pre-defined 
populations are labelled. The bottom right inset shows the eigenvalues of the principal components 
in relative magnitude. 
 
Figure 3. Map of the Pacific Ocean showing locations of the five hadal trenches. Coloured circles 
indicate the presence of Clade 1 (purple) or Clade 2 (orange) individuals. Bold coloured arrows 
indicate direction of migration as calculated by MIGRATE-N and divMigrate and are scaled to 
indicate the number of immigrants per generation (ƟM) where purple arrows show migration 
patterns between Clade 1 populations and orange arrows show migration patterns between Clade 2 
populations. The black dotted line represents the position of the Kermadec-Tonga forearc. Small 
black arrows indicate direction of seafloor currents compiled from data in Reid (1986;1997), 
Roemmich and McCallister (1989) and Talley (1993).                                                                                                                                                                                                             
 
 
Supplemental Table 1. Comparison of connectivity models in Migrate-n using the Bezier approximate 
log marginal likelihoods (Bezier lmL) and the log Bayes factor (LBF). 
 
 Model Bezier lmL LBF Rank 
RFLP sp. 1 Full -652172.17 -463743.31 3 
Current -188428.86 0 1 
Counter-current -191951.73 -3522.87 2 
RFLP sp. 2 Full -67430.78 0 1 
Current -75407.39 -7976.61 2 
Counter-current -175133.82 -107703.04 3 
 
